zimilide dihydrochloride (NE-10064), a chlorphenylfranyl compound, prolongs cardiac refractoriness by blocking the fast (IKr) and slow (IKs) components of the delayed-rectifier potassium currents. [1] [2] [3] These in vitro electrophysiologic properties of azimilide could account for its antiarrhythmic and antifibrillatory actions in a number of animal models, which could be classified as class III antiarrhythmic actions. [4] [5] [6] [7] [8] [9] [10] It has been reported that azimilide interacts with other cardiac ion channels, blocking the L-type Ca 2+ channel, the inward rectifier K + channel, and the Na + channel, 11-13 but so far there have not been any systematic studies of the effects of azimilide on the cardiac Na + channels and little is known about the statedependent azimilide block of the Na + channels, although a few reports indicated that azimilide blocked cardiac peak Circulation Journal Vol. 68, July 2004 and late Na + currents. 12-15 Therefore, we assessed the effects of azimilide on the Na + current using the wild-type -subunit of the human cardiac sodium channel (hH1: WT) as well as long QT syndrome type III mutant (∆KPQ mutant) expressed in COS7 cells.
with a two-pore active filter, digitized at a sampling rate of 40 kHz, and recorded on videotape (video recorder, Mitsubishi HV-F73, Mitsubishi, Tokyo, Japan) through a PCM converter (Shoshin EM, PCM-DP16, Shoshin, Tokyo, Japan) for later computer analysis (NEC PC98XL, NEC, Tokyo, Japan). Several criteria described by Colatsky and Tsien 17 that permit indirect determination of the adequacy of space-clamp control in the cardiac preparation were used. Under our experimental conditions, current recordings of the Na + channels satisfied these criteria.
Determination of Azimilide Block of Na + Currents
Block of the Na + currents by azimilide was evaluated in 2 different ways; that is, estimating its tonic and phasic block. The drug-induced decrease in current at a low pulse frequency (0.1 Hz), which was sufficient to ensure full recovery from use-dependent block by drug, was regarded as tonic block. The amount of tonic block was calculated as the % decrease in current after perfusion with the drug with respect to the control. The zero current level was obtained after 100 mol/L tetrodotoxin application. To determine the values of IC50 and the Hill coefficient, the concentration-dependence data was fitted with the following empirical equation:
where [D] is the drug concentration, IC50 is the apparent dissociation constant at various holding potentials (HP) and n is the Hill coefficient.
To study the shift in the inactivation gating kinetics of the Na + currents by the drug, the steady-state inactivation curves (h ) under control conditions and during exposure to the agent were assessed at selected membrane (prepulse) potentials using the following standard two-pulse protocol: A 1,000 ms prepulse to the designated level of membrane potential was followed by a 0.1 ms interpulse interval, then a 30 ms test pulse was applied every 10 s. The curve drawn through the points is described by the following equation: h = (1+ exp [(Vm-Vh)/k]) -1 (2) where Vm is the prepulse potential, Vh is the prepulse potential at h=0.5 and k is a slope factor.
To study the phasic block of the Na + current, the amplitudes of the currents elicited by a train of depolarizing 50 pulses of 30 ms at various frequencies from a holding potential of -100 mV to -20 mV were recorded. The amplitude decreased during a pulse train and reached a new steady state. The amount of phasic block was calculated as the % decrease of current in the new steady state with respect to that of the first pulse. The time constant ( ) of current decay during the pulses was determined by fitting with a single exponential function. To quantitatively determine the recovery process of the Na + channels from the phasic block, a double pulse protocol was employed. A 1,000 ms prepulse was followed by various recovery periods and test pulses of 30 ms to -20 mV to assess the amount of current recovered at a holding potential of -100 mV. Onset of phasic block by the drug after prepulses of various duration was estimated as follows: 50 pulse trains of depolarization to -20 mV with various pulse durations (1, 2, 5, 10, 20, 30, 100, and 200 ms) were applied from a holding potential of -100 mV and the recovery interval was kept constant at 300 ms.
Azimilide, soluble in water, was kindly supplied by Procter & Gamble Pharmaceuticals. It was applied via a solution chamber from which the solutions around the cell could be changed within 10 s.
Dynamic Simulation of Azimilide Block of Na + Channel
To elucidate the kinetic mechanisms of the Na + channel block by azimilide, we determined the Kd and rate constants of the azimilide binding/unbinding for each state of the Na + channel using a Markovian state model. We employed a 3-state model consisting of resting (closed), activated (open), and inactivated states to simulate the Na + channel gating behavior. The dynamics of the Na + channel gating and channel-drug interactions were described by the discrete energy barrier model based on the Eyring absolute reaction rate theory. 18 Rate constants of state transitions were calculated from the rate theory formulas expressed as a function of total free energies at energy peaks and wells. A state diagram, energy profile, and mathematical expressions for the present model are provided in the Appendix. Expressions for the gating kinetics of the drug-free Na + channel were derived from the data of Mitsuyie and Noma [19] [20] [21] for guinea-pig ventricular Na + channels.
The first step to determine the Kd and rate constants of azimilide binding/unbinding was to compute the steadystate inactivation (availability) curve, the concentration dependence curve for azimilide block, and the recovery time course from the model, thereby searching a set of the Kd and rate constant values for the resting and inactivated states to give satisfactory fit for the experimental observations. The Kd and rate constant values for the activated state were then determined by simulating the onset and phasic block of the Na + channel currents. Detailed descriptions of the procedure for parameter adjustments and the parameter values used in the simulations are given in the Appendix.
Programming for mathematical analysis and the numeric calculations with matrix equations were performed on a Power Macintosh G4 computer (Apple Computer, Inc, Cupertino, CA, USA) using MATLAB 5.2 (MathWorks, Inc, Natick, MA, USA).
Data Analysis
Analysis of the data was performed on a Macintosh LC630 computer using a custom software. All curve fittings were done with a non-linear least squares algorithm using a Marquardt routine. The results were expressed as means ± SEM. Statistical analysis was done using one-way repeated measures (ANOVA) test or Student's t-test, and the results were considered to be significant when the pvalue was less than 0.05.
Results

Tonic Block of WT and ∆KPQ Mutant Currents Induced by Azimilide
Azimilide (10 mol/L) produced tonic block of the WT currents in a concentration-and voltage-dependent manner ( Fig 1A) and the block was reversible after washout (A, Panel a). The current -voltage relationship of the WT currents in the absence and presence of azimilide (10 mol/L) indicated that azimilide blocked the WT currents without changing the threshold potential (-60 mV), the peak potential (-25 mV), or the reversal potential (+55 mV) (data not shown). The IC50 values for azimilide-induced tonic block of the WT currents at a holding potential of -100 and -140mV, respectively, were calculated to be 9.8±1.4 mol/L with a Hill coefficient of 0.9±0.1 and 102.6±3.6 mol/L with a Hill coefficient of 0.9±0.2. The IC50 values for azimilide-induced block of the human Na + channel was smaller than that of canine ventricular myocytes, 12 but larger than its plasma concentration in the clinical setting. 4 These results indicate that azimilide produces a greater tonic block in WT currents at more depolarized membrane potentials. The voltage-dependent properties of azimilide block indicated higher affinity of this agent for the inactivated state of the WT currents than for the resting state. It was indeed found that azimilide at 10 mol/L significantly shifted h toward a more negative potential by -7.5±2.1 mV (control: Vh =-83.3±6.4 mV vs azimilide 10 mol/L: Vh =-90.8±6.6 mV: p<0.05; control: slope factor =6.4±0.5 vs azimilide 10 mol/L: slope factor = 6.6±0.7: NS) (Fig 1B) . After washout of azimilide, Vh shifted back to -88.1±1.3 mV (p<0.05), suggesting that the natural negative shift of the h curve was at least in part caused by the azimilide effect. Studying the interaction of local anesthetics with the ∆KPQ channel is clarified their state-dependent block of Na + channels. [22] [23] [24] [25] [26] As shown in ). This suggests that azimilide blocked the peak ∆KPQ currents with approximately the same affinity for the inactivated and resting states.
Phasic Azimilide Block of WT and ∆KPQ Currents
Azimilide (10 mol/L) produced significant phasic block of the WT currents by 17.0±3.1% at 2 Hz, 27.2±7.0% at 3 Hz and 48.3±3.0 % at 5 Hz (Fig 3A) , indicating that stimulation at higher frequencies produced a greater phasic block. The time constant of the decay of the peak WT currents in the presence of azimilide (10 mol/L) was determined to be =4.8±0.5 s at 3 Hz (Table 2) . Although azimilide (10 mol/L) produced phasic block of the ∆KPQ mutant at 2 Hz (Fig 3B) , the extent of the phasic block of the peak ∆KPQ currents (Panel a: 25.3±2.1%) was significantly larger than that of the WT currents (17.0±3.1%). Moreover, the extent of the phasic block of its steady-state current (Panel b: 40.0±5.9%) was significantly greater than that of its peak current. If azimilide had a high affinity for the inactivated state, prolonging the depolarization would increase the level of phasic block. On the other hand, the extent of phasic block is expected to saturate within the short pulse, if azimilide had a high affinity for the activated state. As shown in Fig 4, the block of the peak WT currents was greater with the long (200 ms) pulse (29.0±4.0%) than with the short (5 ms) pulse (4.3±2.0%), indicating that The symbol G stands for the Gibbs free energy in RT units at the energy peak or well; z and d in the abscissa denote the effective valency and electrical distance, respectively, at an energy peak or well. The total free energy G at the energy peak or well can be expressed as a function of G0 and Vm (Eqs A1-6). The subscripts R, A, and I for G, z, and d refer to the conformational state of the channel. The subscript T represents the transition state of a channel-AZM complex.
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azimilide blocked WT currents as an inactivated state blocker rather than an activated state blocker. Whether the pulse is short (5 ms) or long (200 ms), the azimilideinduced fractional block of the peak ∆KPQ currents (18±1% with the short pulse and 64±5% with the long pulse) was greater than that of the WT currents, indicating that azimilide produced a phasic block of the ∆KPQ currents as both an activated state blocker and an inactivated state blocker. State-dependent block by 10 mol/L azimilide at a holding potential of -100 mV showed that azimilide generated the 2 components of the recovery process (WT currents: fast recovery with =25±2 ms and slow recovery with =1.8±0.4 s; ∆KPQ currents: fast recovery with =13± 3 ms and slow recovery with =1.5±0.5 s), indicating that azimilide dissociated from both the WT and ∆KPQ channels with the intermediate kinetics, because the time constant of recovery kinetic with 2-12 s has been classified as intermediate by Campbell et al. 27 
Model Prediction of the Affinity of Azimilide for Each State of the Na + Channel
To study the kinetic properties of the state-dependent block of the Na + channels by azimilide, we estimated the Kd values and rate constants of azimilide binding/unbinding for each conformational state of the WT Na + channels using a Markovian state model and the rate theory formula (for details, see Methods and Appendix). The Kd and other parameters determined by fitting the experimental data are shown in Table 1 . The Kd values for the resting, activated, and inactivated states were 102.6, 1.4, and 1.4 mol/L, respectively. Using the model with the parameters shown in Table 1 , we simulated azimilide block of the WT currents and determined the IC50 value for the tonic block, shift in the availability curve (with holding potentials of -100 and -140 mV), recovery time constant with a holding potential of -100 mV, time constant and % block at 200 ms of the onset block, as well as the degree and time constants of the phasic block at various frequencies.
The kinetic properties of the azimilide block of Na + currents simulated by the model are shown in Table 2 , together with the experimental data for comparison. The predicted values were close to the experimental values. These results suggest that azimilide has a relatively high affinity for both the activated state (KdA =1.4 mol/L), and the inactivated state (KdI =1.4 mol/L) of the the WT Na + channels, whereas its affinity for the resting state (KdR = 102.6 mol/L) was relatively low.
Discussion
Previous studies have reported that azimilide blocks the Na + channels in a dose-dependent manner by a 1:1 binding stoichiometry and in a use-dependent manner by binding to the inactivated state and suppressing the slowly inactivating component of the Na + channel to shorten the action potential duration, 12 suggesting that azimilide may interact with both the inactivated state as well as the activated state of the Na + channels. Ours is the first report to show that azimilide can block the human Na + current by binding to both the activated and inactivated states of the channels, by using a computer model and the ∆KPQ mutant channel to reopen under steady-state conditions.
In the present study, the inhibitory effects of azimilide on the WT Na + channels were characterized by concentration-and voltage-dependent tonic block (Fig 1A) , hyperpolarizing shift in the h curve (Fig 1B) , use-dependent block (Fig 3A) , increasing block by prolonging depolarization (Fig 4) and intermediate recovery kinetic from the phasic block. Our results are consistent with previous reports, [11] [12] [13] 15 suggesting a higher affinity of azimilide for the inactivated and activated states of WT Na + channels. Because of the absence of the -subunit, the IC50 value at a holding potential of -100 mV in our study of recombinant human Na + channels (9.8 mol/L) is almost half of that determined for canine Na + channels (19 mol/L). 12 The IC50 values for azimilide block of ferret ventricular IKr and IKs were 0.4 mol/L and 3 mol/L, respectively. 2, 12 The IC50 value for block of Na + channel by azimilide was much larger than that for the delayed rectifier K + channels, as described elsewhere. 12 To test the hypothesis that azimilide may exert dual inhibitory actions (ie, both activated and inactivated state blocks) on WT Na + channels, we performed a computer simulation using a Markovian state model and determined the Kd value for each state of the channel ( Table 1 ). The model with the parameter values shown in Table 1 could simulate well the experimentally observed kinetics of the azimilide-induced Na + channel block ( 24 The Kd value of azimilide for the activated and inactivated states (1.4 mol/L) was close to that of mexiletine for the activated state, but smaller than that of mexiletine for the inactivated state. These comparisons support that azimilide has a relatively high affinity for both the activated and inactivated states of the WT Na + channels.
For the ∆KPQ channels, azimilide significantly blocked the peak current during short depolarizations in a use-dependent manner, with the degree of phasic block increasing with prolonged depolarizations (Fig 4) . These results suggest that as observed with the WT Na + channels, azimilide has a relatively high affinity for both the activated and inactivated state of the ∆KPQ channels.
Azimilide produced tonic block of the ∆KPQ currents with nearly the same potency (IC50) as for the WT currents, although it produced a smaller shift in the h curve (-1.8 mV), which may indicate that the affinity of azimilide for the resting and inactivated states of the ∆KPQ channels does not differ very much from that for the WT channels. Although we could not precisely determine the Kd values for the azimilide block of the ∆KPQ currents because of the lack of experimental data as well as the need for more complex models, the Kd values of 11.5 mol/L for the resting state and 5.3 mol/L for the inactivated state yielded a shift of -1.8 mV in the h8 curve and an IC50 of 10.1 mol/L (with a holding potential of -100 mV) in the 3-state model. The interaction of local anesthetics with the WT and ∆KPQ channels is different in state-dependent kinetics. The affinity of flecainide and mexiletine has been reported to be higher for the resting state of the ∆KPQ channels than for that of the WT channels. 24, 25 Taken together with the present results that the azimilide-induced phasic block of both the peak and steady-state ∆KPQ currents was greater than that of the peak WT current (Fig 3B) , the interactions of azimilide with the WT and ∆KPQ mutant channels may be different in state-dependency, as described elsewhere. 22 , 24 An activated state blocker, flecainide, selectively blocks the channel in the activated state, and entering the inactivated state does not promote the block. 26 Flecainide selectively binds to the ∆KPQ channels in the activated state during reopening after the channel experiences the first opening, producing a greater phasic block of ∆KPQ currents than of WT currents. 25 An inactivated channel blocker, lidocaine, interacts preferentially with the inactivated channels, with the block not necessarily enhanced by the channel opening. 28, 29 Lidocaine produces nearly the same phasic block of the peak and steady-state currents of WT and ∆KPQ channels, but causes a greater tonic block of the steady-state current than peak current of the ∆KPQ mutant channels. 26 Our results indicate that the interactions of azimilide with the WT and ∆KPQ channels differ from those of either an activated state blocker (flecainide) or inactivated channel blocker (lidocaine). [24] [25] [26] The azimilide-induced phasic block of both the peak and steady-state ∆KPQ currents was greater than that of the WT (Fig 3B) , but the degree of the azimilide-induced tonic block of the peak and steady-state ∆KPQ currents was nearly the same as that of the peak WT current (Fig 2A) . The unique mode of azimilide block of the ∆KPQ channels as compared with that of WT channels (ie, enhanced phasic block without changes in tonic block) may be related to its dual action as an activated and an inactivated channel blocker on the Na + channels.
The pharmacological properties of azimilide on the Na + channel appear to be clinically beneficial, although the IC50 value for azimilide block of the Na + channel was larger than its plasma concentration in the clinical setting (1-5 mol/L). 4 The higher affinity of azimilide for the inactivated state channel could cause a strong blocking action on the Na + channels in the diseased heart with depolarized membrane potentials. Because the activated state blocker generally blocks cardiac conduction independent of the action potential duration, azimilide can similarly block the conduction of the atrial action potential with a short effective refractory period as pilsicainide. 30 Taken together with the prolongation of the post-repolarizaion refractoriness by its intermediate recovery kinetics from phasic block, azimilide is expected to treat tachyarrhythmias via the Na + channel block, as well as its main effect as a class III antiarrhythmic drug (ie, K + channel block).
